A B S T R A C T Intracellular killing of Staphylococcus aureus by alveolar macrophages is known to be enhanced by exposure to alveolar lining material. Because this material may have a role in pulmonary host defenses, we have studied its effect on pneumococci and other nonstaphylococcal organisms. Alveolar lining material from rats caused rapid killing and lysis of pneumococci. The antipneumococcal activity was localized to the surfactant-containing fraction of the fluid and was not affected by trypsin. Phospholipid extracts of the surfactant fraction or purified lamellar bodies killed pneumococci. Lysis of pneumococci by the surfactant fraction appeared to be mediated by a detergent-like activation of pneumococcal autolysin, in that bacteriolysis was prevented by substitution of ethanolamine for choline in pneumococcal cell walls, and a pneumococcal transformant that lacked autolysin was not lysed. The surfactant fraction readily killed pneumococci containing ethanolamine or the autolysin-defective transformant, and studies with tritiated methyl-D-glucose loading and release showed that killing was associated with increased bacterial cell membrane permeability. Bactericidal activity (without lysis) was observed with several nonpneumococcal gram-positive bacteria, including Streptococcus viridans, unspeciated respiratory streptococci, Streptococcus pyogenes, Streptococcus bovis, and Bacillus species. Purified diacylphospholipids had no antibacterial activity, however, a lysophospholipid, palmitoyl lysophosphatidylcholine, had many properties resembling the surfactant-containing fraction of lavage, including autolysin-mediated pneumococcal lysis, altered cell membrane permeability, and antibacterial activity against several gram-positive bacteria. INTRODUCTION It is frequently stated that inhaled bacteria are killed by alveolar macrophages (1, 2) . This view is based (10) . Lamellar bodies in surfactant were purified on a discontinuous sucrose density gradient as described by Gil and Reiss (11) and were tested for bactericidal activity on the day of preparation. Purified phospholipids and lysophospholipids were purchased (Sigma Chemical Co., St. Louis, MO).
Bacteria. Pneumococcal serotypes 1, 3, and 25 (American Type Culture Collection, Rockville, MD) were maintained in an encapsulated state by monthly passage in mice, and stored in heat-inactivated rabbit serum at 40C (12) . Dr. Alexander Tomasz ( The Rockefeller University, New York) generously provided a pneumococcal "lysis-defective" transformant (R36A pneumococcus transformed with DNA from a lysis-defective mutant) containing <1% of the murein hydrolase activity of the wild strain (13) . Pneumococci were grown in brain-heart infusion broth containing 7% heat-inactivated rabbit serum for [5] [6] h to reach log-phase, and were washed once in PBS before use in bactericidial tests.
Radiolabeling. Pneumococcal cell walls were labeled during growth in a chemically-defined medium where the amino alcohol for cell wall synthesis was provided either as choline chloride or as ethanolamine HCl (both from Sigma Chemical Co.) (14) (15) (16) (17) . Under these conditions, the amino alcohol is incorporated exclusively into the bacterial cell wall (14) and when ethanolamine is used, it is incorporated into the identical sites normally occupied by choline (18 Electron microscopy. Pneumococci were incubated with lavage or PBS for 15-30 min at 37°C. The bacteria were pelleted at 10,000 g, fixed, and then stained with lead citrate and uranyl acetate as described previously (20) .
RESULTS
Pneumococcal killing by rat lavage. Bronchoalveolar lavage fluid from [10] [11] [12] Sprague-Dawley rats (-30 ml) was freed of leukocytes and concentrated 20-fold by filtration through an Amicon membrane (10,000-mol wt exclusion). The concentrate was incubated with washed, log-phase pneumococci at 370C and serial cultures were performed (Fig. 1 ). There was a progressive decrease in the number of colony-forming units. To determine if this decrease was due to clumping of bacteria, mixtures of pneumococci and concentrated lavage were incubated for 90 min, centifuged, and gram-stained smears prepared. Only gram-negative detritus was detected, suggesting that the pneumococci had lysed (Fig. 2A) . Preliminary studies showed that the antipneumococcal activity of lavage fluid fractionated with the pellet formed by centrifugation at 40,000 g; electron microscopy of this pellet showed membrane-like structures and lamellar bodies characteristic of surfactant (Fig. 2B) . When pneumococci were incubated with the surfactant-containing pellet, cell wall defects and bacteriolysis were obvious (Fig. 2C) .
Studies of the characteristics of the antipneumococcal factor(s) in rat lavage fluid are summarized in Ta Mechanism of pneumococcal lysis. We suspected that pneumococcal lysis caused by lavage was due to activation of murein hydrolase (N-acetyl muramic acid L-alanine amidase), which also causes pneumococcal lysis in old cultures and detergent-and penicillin-mediated lysis of pneumococci (13, 21 ethanolamine (Pn-E) as the sole source of amino alcohol for cell wall synthesis. Tomasz and co-workers (14, 17, 18) have shown that autolysin-mediated lysis of pneumococci is dependent on choline residues in the teichoic acid of the cell wall (16) (17) (18) . If ethanolamine is substituted for choline, pneumococci are resistant to autolysin (13, 16, 18) . As indicated in Fig.  3 , Pn-C were lysed by lavage, whereas Pn-E were not ( Fig. 3B and C 25 Pn-E). The viable labeled pneumococci were incubated with lavage or PBS, and freed radiolabel was measured. Lavage caused release of radiolabel from viable type 25 Pn-C but not from type 25 Pn-E, the autolysin-defective mutant, or heat-killed type 25 Pn-C (Fig. 4) .
Killing not dependent on lysis. Tritiated type 25 Pn-C, or autolysin-defective mutant and '4C-labeled type 25 Pn-E were incubated with the surfactant-containing pellet of rat lavage, and viability as well as release of radiolabel were tested after 90 min at 37°C.
The results (Table III) showed that release of radiolabel and killing were independent phenomena. Electron microscopy of lavage-treated autolysin-defective pneumococci showed no evidence of cell wall breakdown despite loss of viability.
The effect of lavage on nonpneumococcal bacteria was studied by examining gram-stained smears of organisms killed by incubation with a concentrated lavage. Streptococcus viridans, unspeciated respiratory streptococci, Streptococcus pyogenes, and Streptococcus bovis were killed by lavage without lysis. One isolate of Bacillus was almost completely lysed upon killing, whereas a second (and morphologically different) species was killed without evidence of lysis.
Effect of lavage on cell membranes. An experiment was performed to determine if bacteria that were killed by lavage without lysis had increased cell membrane permeability. Bacteria were loaded with tritiated 3-0-methyl-D-glucose, washed, and incubated with lavage or PBS, and the percent radiolabel released was determined. The results (Fig. 5) indicated that obtained by centrifuging leukocyte-free lavage at 40,000 g for 20 min). Note membrane-like structures and lamellar bodies. The fraction was stained with lead citrate and uranyl acetate. C. Electron micrograph (X42,000) of type 25 pneumococci incubated for 30 min at 37°C with the surfactant-containing fraction of rat lung lavage fluid (concentrated 20-fold). The pneumococcus at the top of the panel shows a large cell wall defect with exudation of protoplasm (arrow). There is a bacterial "ghost" in the middle of the figure and a still intact pneumococcus at the bottom. The pneumococci were stained with lead citrate and uranyl acetate. Table IV showed none that were lysed by lysophosphatidylcholine except for one of the two isolates of Bacillus. Studies of radiolabeled type 25 Pn-C, Pn-E, and the autolysindefective pneumococci confirmed these observations (Table V) . Thus, lysophospholipids mimicked the effects of the surfactant-containing fraction on pneumococci and caused lysis only when the pneumococci contained autolysin and had choline residues in the cell wall.
Palmitoyl lysophosphatidylcholine altered bacterial cell membrane permeability apart from its effect on the cell wall. Studies of bacteria loaded with tritiated methyl-D-glucose showed that organisms that were killed by lysophosphatidylcholine without bacteriolysis, developed increased membrane permeability (Table VI) . Streptococcus durans, which was resistant to killing by lysophospholipids, showed no permeability change. Streptococcus fecalis showed increased permeability with lysophospholipid, although its viability was not affected (Table IV) ; this suggests the possibility of sublethal injury. Attempts to study S. aureus were unsuccessful because they did not take up methyl-D-glucose.
The antipneumococcal activity of lysophosphatidylcholine could be blocked by incubation with rat lavage that had become inactive during storage at -70°C (Table VII) Washed, log-phase pneumococci (0.1 ml) were incubated in 0. Lung lavage fluids of other species. Table VIII shows results obtained in the bactericidal test with fresh lung lavage fluids of various animal species. Animals were lavaged with PBS and the fluids concentrated 20-fold by positive-pressure filtration (10,000-mol wt exclusion level). Antibacterial activity was determined by incubating 0.2 ml of lavage with 108 type 25 pneumococci in 0.1 ml of PBS. Fluids from Lewis rats and dogs showed antipneumococcal activity similar to Sprague-Dawley rats. Fluids from mice showed less activity, and lavage from rabbits and guinea pigs was largely inactive.
DISCUSSION
The present studies indicated that the surfactant-containing fraction of rat lung lavage fluid had antibacterial activity against gram-positive bacteria and could rapidly lyse and kill pneumococci. Lysis of pneumococci was dependent on choline residues in the cell wall teichoic acid and required normal levels of murein hydrolase (autolysin) activity. These facts suggested that pneumococcal lysis was mediated by activation of pneumococcal autolysin. Tomasz and his colleagues (13-19, 21, 24) have beautifully detailed the mechanism of autolysin-induced lysis of pneumococci by detergents and penicillin. Autolysin is (Fig. 1 ) and the rate of development of the membrane permeability changes (Fig. 5) , suggests that permeability changes may have preceded bacterial death. The properties of the bactericidal factor(s) of rat lavage were partially characterized in the present studies. Bactericidal activity was demonstrated with purified lamellar bodies; these bodies contain some protein but are predominantly phospholipid (29) . Trypsin did not affect the antibacterial activity of crude surfactant preparations and phospholipid extracts were very active, suggesting that the antibacterial factor(s) were lipids rather than proteins. Candidate substances for the antibacterial activity of rat surfactant include diacylphospholipids (surfactant is >50% dipalmitoyl phosphatidylcholine) (23, 29) and lysophospholipids.
We found no antibactericidal activity in vitro with diacylphospholipids, including dipalmitoyl phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, or phosphatidylethanolamine. In contrast, lysophospholipids, which comprise several percent of the total lipid in the lung (23, 30, 31) , are detergents with known antimicrobial activity (32, 33). Mardh and Taylor-Robinson (32) showed that lysophosphatide (structure unspecified) killed Clostridium perfringens, anaerobic streptococci, pneumococci and Neisseria meningitidis, S. fecalis, and Streptobacillus moniliformis, at concentrations varying from 1 to 250 ,g/ml. Gram- negative rods, Staphylococcus epidermidis, Candida albicans, and several protozoa were resistant to >500 ,gg/ml. A lytic effect of phosphatide (structure unspecified) has also been demonstrated with L-variants of several bacteria and mycoplasmas (33) and with certain lipid-containing viruses (e.g., influenza) (32) . We confirmed and extended observations on the antibacterial effects of lysophospholipids. Palmitoyl lysophosphatidylcholine, which has been identified in surfactant (23) , had characteristics similar to the antibacterial factor(s) in rat lavage. It caused autolysinmediated lysis of pneumococci and altered bacterial membrane permeability. The bacterial strains affected by lavage and lysophosphatidylcholine were similar and several of the same Streptococcus species and Bacillus species were killed. Further, lysophosphatidylcholine was inactivated by mucin or serum, analogous to lavage. These observations do not establish that lysophospholipids are the antibacterial factor(s) in rat lavage, but the role of these compounds in pulmonary defenses obviously warrants further evaluation. We studied two lysophosphatides other than dipalmitoyl lysophophatidylcholine and some differences in antibacterial activity were noted. In canine surfactant there are at least 18 different lysophosphatidylcholines (34) , and the antibacterial activity of these molecules might be expected to vary with their exact composition. Various fatty acids have been shown (35) (36) (37) There is some evidence that inhaled pneumococci are not killed solely by alveolar leukocytes, in that they are rapidly killed in nonimmune decomplemented rats, and clearance does not correlate with opsonic requirements in vitro (42) . Clearance of aerosolized pneumoccoci is almost as rapid in nonimmune decomplemented guinea pigs as in rats, however, and we have not detected antipneumococcal activity in guinea pig lavage. The interspecies and intraspecies variations in antipneumococcal activity of lavage are not explained. They may simply represent inactivation of antibacterial factors during collection by contaminating substances such as mucus. Studies of surfactant in various species (43) and different members of the same species (44) do not show major differences in the overall composition of surfactant lipids or in total lysophosphatide content, but qualitative differences in the lipids (such as the particular fatty acid residues in the lysphosphatides) may affect their antibacterial properties. 
